We tried to detect minimal stimulation-induced glutamate overflow from the surface of a hippocampal slice using an outside-out patch electrode excised from pyramidal cell membranes. The amplitude of the stimulation-induced patch current was dependent on the distance between the slice surface and the tip of patch sensor. The current-voltage relations of the stimulation-induced patch current were similar to those of the current evoked by puff application of L-glutamste to the patch. This indicates that the stimulation-induced patch current was produced by glutamate released from presynsptic terminals, and thus this technique may be useful in the study of transmitter release evoked by minimal electrical stimulation in brain slices.
Introduction
Neurotransmitters are released from presynaptic terminals to play a role in synaptic transmission. The dynamics and spatial distribution of the transmitters have been studied in connection with synaptic plasticity and effects of drugs on transmitter release. So far, transmitters have been detected with biochemical methods, such as measurement of transmitters or the catabolites by high performance liquid chromatography (West et al., 1992; Roisin et al., 1991) or measurement of transmitters prelabeled with radioisotopes. In both techniques, however, intense, repetitive stimulation was required for detecting the release of transmitter; the electrical stimulation have a long duration and high frequency or be accompanied by the perfusion with a high K ÷ solution. The latter, in particular, is quite unphysiological. On the other hand, a single, brief electrical stimulation of presynaptic fibers is usually used to induce a postsynaptic response in electrophysiological studies. However, it was very hard to detect the changes in the amount of transmitter released by such a stimulation.
With the development of the patch-clamp technique, it is now possible to study the properties of ligand-gated ion channels at the resolution of single channels (Hamill et al., 1981 ) . Thus, the receptor-channel complex on a patch Neurotechnique membrane in the outside-out patch recording configuration can be used as a sensor for detecting an extracellular ligand (Hume et al., 1983; Young and Poo, 1983; Lipton, 1987) . For example, with an excised outside-out patch of muscle membrane containing nicotinic acetylcholine receptor-channel complex, nanomolar concentrations of acetylcholine have been detected (Grinnell et al., 1989) . Several investigators have used this method to measure the release of neurotransmitter from cultured neurons (Xie and Poo, 1986; Copenhagen and Jahr, 1989) ; however, in slice preparations from the central nervous system, the dynamics of transmitter release evoked by a single, brief electrical stimulation have not been reported. This paper introduces the "path sensor," a procedure applied to hippocampal slice preparations for detecting neurotransmitter release in response to minimal electrical stimulation.
Results

Characterization of Glutamate Agonist-Evoked Currents Recorded by Patch Sensors
To examine the responsiveness to glutamate agonist of outside-out patches excised from CA1 and CA3 pyramidal cells (CA1 patch and CA3 patch), a puff application of L-glutamate was given to the patch, and the evoked current was recorded ( Figure 1A ). The glutamate-evoked currents were inward at -70 mV with strong desensitizing features in both patches ( Figure 1B) . The concentrationresponse relations of L-glutamate-and a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)-evoked peak currents are shown in Figures 1C and 1D , respectively. The concentrations required to evoke the half-maximal response (ECso) to L-glutamate in CA1 and CA3 patches were 451 and 389 p~M, respectively. The ECso values for the AMPA response of CA1 and CA3 patches were 159 and 165 I~M, respectively. The difference between CA1 and CA3 patches with regard to concentration dependence to both agonists is not significant.
Distance of the Patch Sensor from the Slice Surface
For measurement of glutamate release, an outside-out patch excised from a CA3 pyramidal cell was set 3 ~m above the slice surface in stratum lucidum of the CA3 region. In the stimulation-induced patch current in CA3, 14 recordings were made using a total of 71 slices. The currents induced by an electrical stimulating pulse delivered to mossy fibers were observed soon after the stimulation and showed transient burst openings. The mean latency to peak amplitude of the patch current was 28.3 _ 8.1 ms, and the mean peak amplitude was 10.8 _+ 3.1 pA (n = 5 slices). When the distance between the patch sensor and the slice surface was changed, an increase in the distance resulted in attenuation of the amplitude and prolongation of the latency (Figure 2) . At a distance of 50 p.m, no patch currents were observed. 
The Patch Sensor and the Field Potentials
The stimulation-induced patch currents recorded from the synaptic region might be contaminated with a change in electric field potential outside the patch pipette. To exclude this possibility, a pipette containing an inside-out patch excised from a CA3 pyramidal cell was positioned near the outside-out patch pipette above stratum lucidum, and then inside-out and outside-out patch currents were recorded simultaneously in response to the stimulation of mossy fibers ( Figure 3A ). The stimulation induced a patch current through the outside-out but not the inside-out patch ( Figure 3B ). In the inside-out patch pipette, no detectable currents occurred until 500 ms after the stimulation (n = 5). After these experiments, the formation of outside-out and inside-out patches was confirmed by responses of the patches to puff application of AMPA and to bath application of GTPyS ( Figures 3C and 3D ).
Vo!tage Dependency of Stimulation-Induced Patch Current
Comparisons of the stimulation-induced and L-glutamateevoked currents in CA3 patches were made at different patch membrane potentials ( Figure 4A ), and the corresponding current-voltage (I-V) relations are illustrated in Figure 4B . In the presence of 30 p,M DL-2-amino-5-phosphonovaleric acid (DL-APV), both I-V plots were linear over the voltage range investigated (-90 to +30 mV) and reversed around 0 mV (-4.8 + 2.3 mV of stimulation- induced and -6.1 _ 1.3 mV of L-glutamate-evoked; n --4). Bath application of 10 p,M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) abolished both current responses to stimulation and L-glutamate (n --4).
In CA1 patches, the I-V relations were examined in the absence of DL-APV. The I-V relations of patch currents induced by the stimulation of Schaffer collateral fibers were similar to those of L-glutamate-evoked patch currents. The mean latency to peak amplitude of the patch current was 32.1 _+ 9.2 ms, and the mean peak amplitude was 13.5 _+ 4.1 pA (n = 3). The reversal potentials were -8.5 ± 2.4 mV (stimulation-induced) and -5.9 _+ 1.8 mV (L-glutamate-evoked). The N-methyI-D-aspartate component of the stimulation-induced and L-glutamate-evoked currents was evident by bath application of 30 I~M CNQX. However, the amplitudes of both currents in the presence of CNQX were negligible at -70 mV, the voltage at which patch membranes were used as L-glutamate sensors (Figure 4C ).
Discussion
Properties of the Patch Sensor
Applications of L-glutamate or AMPA to the outside-out patches prepared from hippocampal pyramidal cells evoked the patch current in a concentration-dependent manner. The pharmacological profiles obtained with puff application of L-glutamate agonists were not different between patches prepared from CA1 and CA3 pyramidal cells. Jonas and Sakmann (1992) reported that the functional and pharmacological characteristics of glutamate receptors in CA1 and CA3 patches are remarkably similar to each other, except that glutamate receptor channels desensitize faster in CA1 than in CA3 patches. However, current responses of CA1 and CA3 patches to glutamate agonists were stable at -70 mV for at least 60 min (data not shown). Therefore, the outside-out patch recording from hippocampal pyramidal neurons satisfied the requirement for a stable =glutamate sensor."
Detection of Excitatory Amino Acid Overflow
When the patch sensor was placed 3 pm above the surface of the hippocampal slice, the current response to an electrical stimulation of presynaptic fibers could be recorded. The amplitude of the patch current was attenuated with an increase in the distance between the tip of the pipette and the slice surface, and the latency was proportionally increased with the distance. In the slices where living cells were located only at deeper levels, the patch current was hardly observed. Although quantitative evaluation was not completed, positioning of the CA3 patch above the stratum lucidum and of the CA1 patch above the stratum radiatum was required for detection of synaptic events induced by the electrical stimulation of mossy fibers and Schaffer collateral fibers, respectively. In both regions, the I-V relations of the stimulation-induced current responses were similar to those of L-glutamate-evoked current responses. These results strongly suggest that the electrical stimulation-induced patch current was evoked by an overflow of excitatory amino acids (EAAs) from the synaptic regions of hippocampal slices. In addition, the possibility that the outside-out patch responses to electrical stimulation are affected by changes in the electric field potential in the vicinity of the patch pipette seems to be negligible, since no detectable responses to the electrical stimulation were detected using pyramidal cell patches with inside-out patch configuration. EAA release has been measured by high performance liquid chromatography analysis of a collected perfusate of hippocampal slices (Roisin et al., 1991; West et al., 1992) . The patch sensor technique has been historically reported only by Isaacson et al. (1993) , who detected GABA release from a thick hippocampal slice using an electrode sealed with an outside-out pyramidal cell patch in the presence of a GABA uptake inhibitor. In comparison with high performance liquid chromatography analysis, the patch sensor technique has the following advantages: first, it allows detection of minute amounts of transmitter released in response to electrical stimulation with a single, brief pulse; second, it provides high spatial and temporal resolution of the event, in the range of microns and milliseconds (Hume et al., 1983; Young and Poo, 1983, respectively) .
In conclusion, we succeeded in detecting EAA overflow from hippocampal slices following a single electrical stimulation using an outside-out patch excised from pyramidal cells. This method presumably is a powerful tool for determining alterations in EAA release in the slice preparations. In the future, this technique could be valuable in the study of long-term potentiation and depression as well as in the analysis of potential retrograde messengers in these processes, including nitric oxide, platelet-activating factor, and arachidonic acid. Moreover, the analysis with this new technique of EAA release in anoxic/ischemic slices could be extremely useful.
Experimental Procedures
Recording Techniques
Tight-seal (1-10 GO) whole-cell recordings and outside-out patch recordings were carried out in thin hippocampal slices, mostly as described previously (Edwards et al., 1989; Katsuki et al., 1991) . Hippocampi of 20-to 28-day-old rats were cut into 200 p.m thick slices (DTK-1000, DOSAKA EM, Japan) and maintained at 30°C-33°C in artificial cerebrospinal fluid (124 mM NaCI, 2 mM KCI, 1.24 mM KH2PO4, 3 mM MgSO4, 26 mM NaHCO3, 3 mM CaCI2, 10 mM glucose, bubbled with 950/o 02, 5% CO2). Picrotoxin (10 pM) was routinely added to the perfusing medium to block GABAergic inhibition. In the insideout patch-clamp recording, the bathing medium (high K ÷ solution) contained 140 mM KCI, 1 mM MgCI2, 5 mM EGTA, and 5 mM HEPES (pH 7.4, adjusted with KOH). Patch pipettes were pulled from borosilicare glass tubing (Hilgenberg, Germany) coated with nail polish (3-5 MO with solution for whole-cell recording). The compositions of pipette solutions were as follows: for whole-cell recording (patch-clamp amplifier, CEZ-2200, Nihon Kohden, Japan; manipulator, MX-1, Narishige, Japan), 128 mM K-gluconate, 7 mM KCI, 1 mM MgCI2, 0.1 mM CaCI2, 1 mM EGTA, 2 mM ATP, 10 mM HEPES (pH 7.3, adjusted with KOH); for outside-out patch recordings (patch-clamp amplifier, EPC-7, Listelectronic, Germany; manipulator, WR-60, Narishiga), 130 mM CsCI, 2 mM MgCI~, 5 mM EGTA, 10 mM HEPES (pH 7.3, adjusted with CsOH); and for inside-out patch recordings (K* solution), 140 mM KCI, 1 mM MgCI2, 1 mM CaCI2, 5 mM EGTA, 5 mM HEPES (pH 7.4, adjusted with KOH). The liquid junction potential between the parfusing and pipette solutions was measured with a 3 M KCI-agar electrode to calibrate the actual membrane potential. Pyramidal neurons were optically viewed using an upright microscopic with Nomarski optics (AxioScope, Carl Zeiss, Germany), and the surface of the neuron was cleaned with a jet stream of the perfusion medium from a micropipette. The patch pipette was accessed to the middle part of visualized cell.
A rectangular pulse (200-1000 p.A, 100 p.s in duration) was delivered every 1 min through a bipolar electrode (tip spacing = 200 pm) positioned in the upper blade of the dentate granule cell layer or in stratum radiatum in the CA1 region. A glass pipette with a tip diameter of 5 p.m was positioned in the vicinity of the outside-out patch pipette (within 5 pm of the tip of the patch pipette) or at the slice surface of the synaptic region. The glutamate agonist was ejected from the pipette by gas pressure (10-30 psi) with a duration of 40-60 ms (puff application, IM-200J, Narishige).
Data Analysis
Current outputs were filtered at 10 kHz and stored (DTC-1000 ES, Sony, Japan) for later off-line analysis using an analysis program (OP111J; Nihon Kohden) on a personal computer (PC9801 ; NEC, Japan). All results were expressed as mean _+ SEM.
Drugs
Drugs used were L-glutamate (Nakalai Tesque, Kyoto, Japan), DL-APV (Sigma, St. Louis, MO), CNQX, and AMPA (Research Biochemicals International, Natick, MA).
